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Prions are infectious proteins that are responsible for 
transmissible spongiform encephalopathies (TSEs) and consist 
primarily of scrapie prion protein (PrP Sc ), a pathogenic isoform 
of the host-encoded cellular prion protein (PrP c ). The absence 
of nucleic acids as essential components of the infectious 
prions is the most striking feature associated to these diseases. 
Additionally, different prion strains have been isolated from 
animal diseases despite the lack of DNA or RNA molecules. 
Mounting evidence suggests that prion-strain-specific features 
segregate with different PrP Sc conformational and aggregation 
states. 

Strains are of practical relevance in prion diseases as they 
can drastically differ in many aspects, such as incubation peri- 
od, PrP Sc biochemical profile (e.g., electrophoretic mobility and 
glycoform ratio) and distribution of brain lesions. Importantly, 
such different features are maintained after inoculation of a 
prion strain into genetically identical hosts and are relatively 
stable across serial passages. 

This review focuses on the characterization of prion strains 
and on the wide range of important implications that the study 
of prion strains involves. 



Introduction 

Transmissible spongiform encephalopathies (TSEs) or prion dis- 
eases, such as Creutzfeldt-Jakob disease (CJD) in human, bovine 
spongiform encephalopathy (BSE) in cattle, chronic wasting 
disease (CWD) in cervids and scrapie in sheep, are a group of 
fatal neurodegenerative disorders. The major neuropathological 
hallmarks of TSEs are extensive spongiosis, neuronal cell loss in 
the central nervous system, gliosis, 1 and deposition of amyloid 
plaques. 2 

Correspondence to: Laura Solforosi; Email: solforosi.lauraiahsr.it 
Submitted: 08/13/12; Revised: 12/20/12; Accepted: 01/03/13 
http://dx.doi.org/10.4161/pri.23490 



Central to prion disease pathogenesis is the conversion of 
the host-encoded cellular prion protein (PrP c ) into a partially 
protease-resistant disease-associated isoform of PrP (PrP Sc ), 
which aggregates in the brain and is associated with infectivity. 3,4 
According to the protein-only hypothesis, PrP Sc is the essential 
causative agent of prion disease and transmission. 3 " 9 Once gen- 
erated, PrP Sc acts as a conformational template to promote the 
conversion of PrP c into nascent PrP Sc , 9 possibly with the aid of 
one or more additional cellular cofactor(s). 10 " 13 Despite the fact 
that PrP c and PrP Sc have the same amino acid sequence, they 
differ from each other in several aspects: unlike PrP c , PrP Sc is 
insoluble in non-ionic detergents, partially resistant to proteinase 
K (PK) digestion and presents an increased content of (3-sheet 
structure. 14 " 17 

Prion diseases are characterized by an extreme variability in 
their clinical presentation, neuropathological pattern and molec- 
ular subtype, implying the existence of different prion strains 
despite the absence of a nucleic acid as a part of the infectious 
prions. 18,19 Within the context of the protein-only hypothesis, 
prion strain specificity is believed to be encoded at the level of 
protein conformation, particularly of PrP Sc tertiary structure. 20 " 23 
This conformational diversity may arise from different factors, 
including the amino acid sequence of substrate PrP c , the cell and 
tissue environment where the conversion takes place 11 ' 13 ' 24 and the 
process leading to the selection of the successful strain from the 
initiating PrP Sc population. 25 ' 26 

This review focuses on the principal experimental evidences 
that have led to the identification of prion strains, on their main 
biochemical features and on the phenomenon of prion strain 
mutation. 

Evidence of the Existence of Prion Strains 

The existence of different prion strains was first observed in 1961 
by Pattison and Millson in goats. 27 In this report, goats infected 
with the same batch of scrapie agent developed different clinical 
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phenotypes, which were termed by the authors "scratching" and 
"drowsy," according to the pathological symptoms. After this 
first evidence, many studies have been conducted to understand 
the molecular basis underlying prion strain diversity. Initially the 
existence of prion strains seemed to be in conflict with the protein- 
only hypothesis, 28 as it was assumed that the different phenotypes 
found in animals were due to differences in the genetic informa- 
tion conveyed by the TSE-causing agent. Currently, however, 
several pieces of evidence support the hypothesis that the differ- 
ences in clinical phenotypes between prion strains are encoded 
by different conformations of the various PrP Sc molecules, which 
in turn result in differences in their biochemical properties. 20 " 23 
In this paragraph some historical pieces of evidence that have led 
to the acceptance of this hypothesis will be analyzed. 

In 1973, in a pioneering study aimed at demonstrating the 
existence of different prion strains, Fraser 29 showed that inbred 
C57BL and VM mice inoculated with brain homogenates from 
different Scrapie prion strains consistently developed a disease 
with distinct incubation times and histopathological lesions, and, 
importantly, that these differences could be stably propagated in 
subsequent passages. When prion strains were first described, the 
pathogenetic characteristics, such as incubation period, clinical 
signs and lesion profile, were the only means to discriminate one 
prion strain from another. 27,30 A first indication of the molecular 
basis of prion strain diversity came from a study in which scrapie- 
associated fibrils (SAF) were isolated and purified from animals 
infected with three different scrapie agents, ME7 and 139A in 
mice and 263K in hamster. 30 Mouse ME7 and 139A SAF dif- 
fered from hamster 263K in terms of morphology, erythrocyte 
sedimentation rate and sensitivity to PK digestion. Importantly, 
SAF co-purified with infectivity in both animal systems; thus, it 
was hypothesized that the different molecular properties charac- 
terizing the different SAF may correlate with the biological and 
pathological differences, which are found among these agents. 

Subsequently, the isolation and characterization of two 
biologically distinct strains of hamster-adapted transmissible 
mink encephalopathy (TME), the hyper (HY) and the drowsy 
(DY), significantly improved the understanding of the molecu- 
lar bases of prion strains. 31 Indeed, purification and analysis of 
p r psc mo l ecu l es from hamsters infected with the HY and the 
DY strains revealed differences in terms of PrP Sc sedimentation 
in N-lauroylsarcosine, sensitivity to PK digestion and electro- 
phoretic mobility. Moreover, antigenic mapping of PrP Sc with 
antibodies raised against different synthetic peptides showed a 
strain-specific difference in immunoreactivity in the N-terminus 
of the two PrP Sc molecules. Taken together, these observations 
indicated that PrP Sc from the two agent strains, although origi- 
nating from the same host, differ in composition, conformation, 
or possibly both. 

Further evidence providing a correlation between specific 
pathologic phenotypes and different biochemical characteristics 
of PrP Sc molecules comes from a study by Medori et al. 32 In this 
work, they demonstrated that fatal familial insomnia (FFI) 33 of 
humans is a genetic prion disease linked to a specific PRNP gene 
mutation that causes a substitution of aspartic acid with aspara- 
gine at PrP position 178 (D178N). When the PrP Sc associated 



with FFI was compared with the one associated with sporadic 
CJD (sCJD), the two proteins were found to be characterized 
by different electrophoretic mobility, allowing to speculate that 
these differences could be associated with different conforma- 
tions of the two PrP Sc analyzed. 

In a parallel study, the D178N mutation was also associated 
to a familial CJD (fCJD) phenotype. 34 Therefore, since FFI and 
familial CJD (fCJD) were found to be associated to the same 
PRNP mutation (D178N), the possibility of a second genetic 
component capable of driving the development of the two dif- 
ferent phenotypes was investigated. Indeed, it was found that 
the presence of a methionine in position 129 segregates with 
the D178N mutation, giving rise to FFI, while the presence 
of a valine in such position associated with the D178N muta- 
tion causes fCJD; this proves that the 129M/V polymorphism 
associated with a single mutation can determine different phe- 
notypes. Furthermore, western blot (WB) analyses showed that 
the PK-resistant PrP Sc has a different electrophoretic mobility 
in FFI and fCJD. In particular, the unglycosylated form of the 
PK-resistant PrP Sc had an electrophoretic mobility of 19 kDa in 
FFI, whereas in fCJD it was approximately 21 kDa; thus, the 
phenotype differences among fCJD and FFI are associated to 
prion proteins with different biochemical features. 35 

Although initially the existence of prion strains in the con- 
text of the protein-only hypothesis was met with skepticism, the 
experimental evidence reviewed here, together with other stud- 
ies, 27,29 " 31 clearly indicate that the different clinical features of 
prion diseases are associated to biochemical differences of the 
pathogenic protein. 

Biochemical Aspects of Prion Strains 

Prion strains can be classified according to different parameters. 
Incubation periods, profiles of histological damage and clinical 
signs are the main in vivo hallmarks that are used to differenti- 
ate prion strains. 36 " 38 In addition to the in vivo differences, each 
prion strain is associated to a specific cluster of biochemical fea- 
tures characterizing PrP Sc . Among them, the most commonly 
used are electrophoretic mobility after PK digestion, 31,39,40 gly- 
cosylation pattern, 39 " 41 extent of PK resistance, 31 sedimentation 31 
and resistance to denaturation by chaotropic agents. 31,42 Recently, 
differences among strains in the binding affinity for copper have 
been also described. 43 

These different strain-dependent features can be the conse- 
quence of different conformations of the PrP Sc molecules. Indeed, 
several studies support the possibility that the different size of the 
fragments obtained after digestion with PK reflects the exposure 
of unique PK cleavage sites arising from different p r p Sc . 44 - 46 

In particular, robust evidence comes from the analysis of 
two prion strains of hamster-adapted TME, the HY and the 
DY, which are biochemically distinguishable by a difference of 
approximately 2 kDa in the electrophoretic mobility of their 
PK-digested PrP Sc fragments. 31 The Fourier transform infrared 
spectroscopy evaluation revealed distinct conformations in the 
two isolates as a result of differences in their (3-sheet content, pos- 
sibly explaining the biochemical difference in molecular weight 
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between the two strains. 46 Earlier investigations indicated that 
the HY and DY strains are characterized also by other impor- 
tant biochemical differences. 31 In particular it was shown that the 
sedimentation properties significantly differ between PrP isolated 
from uninfected, HY-infected and DY-infected brains. Indeed, 
after ultracentrifugation, PrP from uninfected brains remained 
in the supernatant, while PrP from DY- and HY-infected brains 
were found in both the supernatant and the pellet, although DY 
PrP was present at much lower levels in the pellet compared with 
HY PrP. Such findings suggest that different prion strains aggre- 
gate to a different extent, possibly due to differences in their ter- 
tiary and quaternary structure. 16,42 

An important point is that if these biochemical characteris- 
tics are strain-dependent, then they would have to be maintained 
through serial passages in the same host. Indeed, it has been 
shown that when transgenic mice expressing a chimeric mouse/ 
human PrP c are inoculated with different human prion strains, 
the electrophoretic profile of PrP Sc after digestion with PK and 
the glycoform ratio of every specific strain are maintained, 22 indi- 
cating that the chimeric PrP c can adopt different conformations 
depending on the source of inoculated PrP Sc . However, it is not 
clear how the glycoform ratio can be preserved. Additionally, 
using monoclonal antibodies that efficiently immunoprecipitated 
native PrP Sc , it has been shown that the differentially glycosyl- 
ated molecules of native PrP Sc are closely associated and always 
immunoprecipitate together, while PrP c glycoforms can be selec- 
tively immunoprecipitated. 41 Furthermore, the ratio of glyco- 
forms comprising immunoprecipitated native PrP Sc from diverse 
prion strains was similar to those observed on denaturing WB. 
These studies are consistent with the view that the proportion of 
each glycoform incorporated into PrP Sc is controlled in a strain- 
specific manner and that each PrP Sc particle contains a mixture 
of glycoforms. 

Another interesting feature characterizing different prion 
strains is represented by their binding selectivity for different 
metal ions. 43 Support for this observation comes from in vitro 
conversion studies of two different human prion strains isolated 
from two clinically different cases of classical CJD; according 
to these studies, the two strains can be converted one into the 
other merely by changing their metal ion occupancy. Possibly, 
copper and zinc binding can influence PrP Sc conformation in a 
manner that is dependent on the bound metal ion. Thus, metal 
binding represents a possible strain-specific mechanism of post- 
translational modification of the PrP, as well as a potential mech- 
anism for the generation of multiple prion strains. 

Considering that the electrophoretic mobility of PrP Sc mol- 
ecules after PK digestion has been the main biochemical param- 
eter used to discriminate between strains, but that distinct prion 
strains can display similar patterns of protease resistance, the 
development of a very sensitive conformation-dependent immu- 
noassay (CDI) was pivotal to prove and study the different con- 
formations of PrP Sc molecules. This assay evaluates PrP isoforms 
by simultaneously following antibody binding to the denatured 
and native forms of the protein. 45 The analysis of different prion 
strains by means of this assay yields unique binding profiles, indi- 
cating that each prion strain has a PrP Sc molecule with a specific 



conformation and that the biological and pathogenetic features 
of each strain can possibly be attributed to the different confor- 
mations of the protein. 

In summary, the experimental data available to date strongly 
support the hypothesis that differences in prion strains lie in the 
diversity of structures that PrP Sc can acquire, although the defini- 
tive evidence for the structural nature of the differences between 
prion strains is still missing. 

Relationship Between Prion Strains Stability, 
Replication and Incubation Time 

The contribution given by the studies of yeast prions has been of 
fundamental importance to better understand the phenomenon 
of prion strains. In fact, this model makes it possible to study in 
a simplified way the mechanisms that regulate prion replication. 
One of the most important features of prion strains discovered 
with yeast prions is that the frangibility (propensity to break) of 
the PrP Sc fibrils is a strain-dependent characteristic. 47 Yeast prion 
strains have shown a heritable frangibility that is substantially 
different from strain to strain, but almost constant in PrP Sc fibrils 
of the same strain. 20,47,48 For instance, some of the most infective 
yeast prion strains form amyloid fibrils that are likely to break, 
leading to a more aggressive tendency to replicate in vivo. Indeed, 
the analysis of three distinct prion conformations of yeast Sup35 
and their in vivo phenotypes revealed that the Sup35 amyloid 
that caused the most aggressive replicating phenotype was actu- 
ally the one displaying the slowest growth. Still, it was demon- 
strated that such slow growth was more than compensated for by 
an increase frangibility, which promoted the formation of new 
seeds and prion replication. 47 

These important observations in yeast have made it possible to 
find a correlation between the frangibility of prion aggregates and 
the rate of replication and therefore the strength of the strain's 
phenotype. 

Although prion propagation in mammalian tissue may be a 
more complex process, recent evidence indicates that a kinetic 
description, similar to that validated for yeast, could be impor- 
tant for the understanding of the propagation of mammalian 
prion strains. Indeed, a recent study in mouse revealed that the 
degree of stability of the different prion strains can play a key role 
in determining the rate of PrP Sc formation and the ensuing differ- 
ences in the incubation times observed among different strains. 49 
In particular, the conformational stability of 30 different prion 
isolates was assessed in a chaotrope-based assay, revealing a linear 
relationship between the concentration of guanidine hydrochlo- 
ride (Gdn.HCl) required to denature 50% of PrP Sc molecules 
([Gdn.HCl] 1/2 ) and the incubation times, which ranged from 60 
to 523 d in mice. Although the chaotrope-based assay does not 
measure protein fragmentation directly, such results suggest that 
decreasing PrP Sc stability increases the fragmentation of PrP Sc 
molecules, therefore allowing the exposure of more PrP Sc surface, 
which is able to bind to PrP c , resulting in an increased rate of 
PrP Sc formation and hence a shortening of incubation times. This 
kind of correlation was also reproduced when a mathematical 
model was employed to investigate how the structural stability 
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of different aggregated forms can influence the kinetics of prion 
replication. 50 The simulation indicated that prion strains with 
higher conformational stability exhibit lower rates of breakage 
and vice versa. 

Although the instability and breakage rate of PrP Sc seem to 
have a key role in determining the incubation period of a prion 
strain, there are probably other mechanisms that further com- 
plicate the understanding of this strain-specific feature. In 2011 
Ayers et al. 51 sought to understand the relationship between prion 
strain characteristics and the predictability of the incubation 
period. The amplification efficiency and the stability of eight 
hamster-adapted prion strains were examined and correlated 
with the resulting incubation period of disease and processing 
of PrP Sc in neurons and glia. In contrast to what was observed in 
murine prion strains, short incubation period strains were char- 
acterized by a higher conformational stability of the PrP Sc and a 
more efficient replication. As was also speculated by the authors, 
this could be due to the presence of a minor subpopulation of 
p r psc mo l ecu [ es t na t i s conformational^ less stable, and that may 
be masked by an excess of conformationally more stable PrP Sc . 
However, other factors influencing the incubation time such as 
differences in prion structure or cellular processing, cannot be 
excluded. Indeed, strain- and cell-specific variations in the pro- 
teolytic processing of PrP Sc was observed for the strains under 
study, suggesting a relationship between the extent of truncation 
of PrP Sc within the soma of neurons and the corresponding incu- 
bation periods. The short-incubation period strains were charac- 
terized by the accumulation of longer intact portion of C-terminal 
protein in the soma of neurons, astrocytes and microglia, while 
long-incubation prion strains PrP Sc did not accumulate to detect- 
able levels in the soma of neurons but were detected in glia simi- 
lar to short incubation period strains, suggesting a strain-specific 
clearance of PrP Sc in neurons, more efficient for the latter. These 
pieces of evidence strongly suggest that the strain-encoded rela- 
tionship between PrP Sc replication, stability and processing in 
neurons is predictive of the incubation period of disease. 

Prion stability, in addition to the incubation time, has been 
also correlated with the ability of the different prion strains to 
invade the central nervous system (CNS). 52 Using mouse-adapted 
prion strains it was demonstrated that highly neuroinvasive prion 
strains are conformationally unstable in denaturing conditions 
and efficiently generate PrP Sc molecules within a short incubation 
period. Additionally, the neuroinvasive strains formed diffuse, 
non-fibrillar PrP aggregates in the CNS and mice rapidly pro- 
gressed to terminal disease, while weakly neuroinvasive strains 
form dense, congophilic, fibrillar plaques and mice progressed 
to terminal disease more slowly. These findings suggest that the 
non-fibrillar PrP aggregates are more toxic and this observation is 
consistent with recent studies indicating that smaller aggregates 
of the mammalian prion protein, which should be more read- 
ily generated by strains that form fragile particles, are markedly 
more infectious than larger aggregates. 53 Moreover, this study can 
have important clinical implications: indeed, a natural infection 
with more stable, weakly or non-neuroinvasive strains with long 
incubation times may yield asymptomatic, long-term carriers 



of infectious, posing a risk for transmission to other humans or 
animal. 

Taken together, the available experimental evidence suggests 
that the variability in the brittleness of the aggregates could rep- 
resent a key mechanism by which prion conformations dictate 
the strength of strain phenotype. These observations can have 
important therapeutic implications; indeed, efforts to minimize 
the impact of protein aggregation could be designed not only to 
slow aggregate formation and growth, but also to decrease the 
rate of fragmentation by increasing fiber stability. 

Strain Mutation 

Typically, referring to viruses or bacteria, a strain mutation cor- 
responds to a modification of the genetic information. It has 
already been explained in this review that the genetic content of 
the PrP c and its pathological isoforms, PrP Sc , is the same. In fact, 
in the case of prions, "strain mutation" refers to a conformational 
change of the PrP Sc during its propagation in a host. 54 

This phenomenon has been known for a long time 55 ' 56 and 
can be demonstrated through different approaches of strain typ- 
ization, such as sedimentation, 31 light scattering, 57 transmission 
electron microscopy, 58 and atomic force microscopy 58 for assem- 
bly; through structural change studies, by circular dichroism, 42 
limited proteolysis, 59 and dye binding, 60 " 62 and through stabil- 
ity studies, by SDS solubility. 37 Strain mutations occur when a 
propagated strain does not maintain the same biochemical and 
pathogenetic characteristic of the inoculum, thereby resulting in 
the propagation of a new strain. 

There is an important aspect that has to be considered when 
studying prion strains. Indeed, it is still an open question whether 
strains undergo a real mutation process or whether the resulting 
mutants were already present in the inoculum but at a very low 
titer. For instance, in scrapie and CJD isolates, the coexistence of 
multiple PrP Sc types is found. 63,64 Indeed, in a single isolate, con- 
siderable differences can be detected, in terms of glycosylation 
patterns and electrophoretic mobility of the PK-resistant PrP Sc 
fragments. 3 '" 41 This great heterogeneity is also highlighted by 
thermal inactivation studies in which PrP Sc subpopulations with 
different stability can be appreciated. 65 As mentioned above, these 
observations suggest two possible explanations for the emergence 
of prion strain mutants: the first one considers that strains exist 
as a single clone and if a different strain is propagated it can be 
assumed that a strain shift has occurred (Fig. 1A); the second 
possible explanation instead considers that strains exist as a pool 
of different molecular species with a dominant type of PrP Sc that 
is preferentially propagated in a given host, but in a different host 
a minor PrP Sc type can be favored, causing a shift in the strain 
(Fig. IB). The second theory seems to better explain the high 
level of heterogeneity that is registered from experimental data, 
although the possibility that prion strains can infect the host as a 
single clone cannot be excluded. 

It can be hypothesized that among the different conformations 
of PrP Sc coexisting in the same isolate, only a fraction is able to 
replicate in a certain species, in a manner that is dependent on the 
sequence and conformation of the PrP c , on the natural clearance 
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capacity of the infected cells 66 ' 
69 and on the presence of cofac- 
tors."' 13,24 In such a model a prion 
strain behaves as a quasi-species 
and represents a pool of molecules 
that are kept under control by the 
host. 70 Hence, in a given host, a 
strain will be constituted of a prin- 
cipal molecular component and a 
minor one. Accordingly, transmis- 
sion between species is possible pri- 
marily when there is compatibility 
between the conformation of PrP Sc 
of the infectious agent and of the 
PrP c of the new host, but it also 
depends on cell and tissue envi- 
ronment. 71 " 73 This phenomenon is 
known as species barrier. Although 
the primary structure of the PrP c 
is very conserved between species, 
some amino acidic residues are dif- 
ferent, resulting in PrP c with dis- 
tinct molecular conformations. As 
a consequence, when a prion strain 
of one species infects an animal of a 
different species there are two pos- 
sible scenarios. The first is that the 
infectious PrP Sc has a conforma- 
tion that is not compatible with 
the PrP c conformation of the host, 
resulting in non-conversion; in this 
case, the species barrier is defined 
as absolute. The second possibility 
is that the PrP Sc conformation is 
compatible with the PrP c confor- 
mation of the host, allowing con- 
version and, therefore, infection. In 
this case the propagated strain can 
be identical to the infecting unit 74 
or can change into a different prion 
strain characterized by a different 
conformation. 20,42 Thus, this type 
of transmission can facilitate the 
replication of the minor molecular 
component, if it is favored in the 
new host (apparent mutation), or 
the generation of a new PrP Sc differ- 
ent from the one of the inoculum 
(direct mutation) 36,75 (Fig. IB). 

The mutation of a strain can 
arise both during the transmis- 
sion of the inoculum to a host of 
a different species, and within a 
single species. 76 In the first case the 
sequence of the PrP c of the host 
is different from the one of the 
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Figure 1. Hypothesis of prion selection during propagation. (A) Prions infect as a single clone. The strain 
can remain the same of the inoculum (1 and 3) or it can undergo an adaptation process due to the pres- 
ence of different cofactors or a different cellular environment (transmission within the same species) (2), 
or due to the species barrier (transmission between different species) (4). (B) Prions infect as a mixture 
of different conformations of PrP Sc . When the transmission is within the same species a new PrP Sc type 
can be generated (1), a minor type can emerge becoming the major one (2), or the pool of PrP Sc can 
remain the same of the inoculum (3). An analogous process can occur when the transmission is between 
different species and the pool of different conformations of PrP Sc must adapt to the new host, resulting 
in the propagation of a different pool of PrP Sc from which a new PrP Sc type can be generated (4), or in the 
selection of a minor strain that becomes the major one (5). Possibly, the propagated pool of PrP Sc can be 
identical to the infecting unit (6). 
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inoculum and the result of the conversion process can be a differ- 
ent strain 3 ' because of the species barrier, as described above. In 
the second case the PRNP gene, coding for the PrP c , is identical 
between donor and host, suggesting that there are possibly also 
other mechanisms involved in strain selection, 77 such as cellu- 
lar environment, polymorphisms and cofactors. 78 Many studies 
have been performed to reveal the nature of the cofactors that 
may be involved. It has been demonstrated that RNA molecules 
are important cofactors for the propagation of hamster prions in 
vitro, 11,13,79 but they are not necessary for mouse and vole prions, 80 
whose replication in vitro is supported by phosphatidylethanol- 
amine (PE). 80,81 Protein chaperones, such as Hspl04 and GroEL, 
which employ different mechanisms to affect the conformation 
and physical state of other proteins, 82 are able to promote in vitro 
the conversion process of hamster PrP, while chemical chaper- 
ones, such as sucrose, trehalose and dimethyl sulfoxide, inhibit 
the conversion process. 24 Additionally, a very recent study showed 
that a change in cofactors might be sufficient to cause a change in 
prion strain properties. Indeed, strain properties of recombinant 
p r psc generated from recombinant PrP c by sPMCA (serial pro- 
tein misfolding cyclic amplification) 83 in the presence of cofac- 
tors such as l-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol 
(POPG) and RNA molecules, could be altered in subsequent in 
vitro passages by changing the cofactor element to phosphati- 
dylethanolamine (PE). 13 Furthermore, in vitro propagation with 
only PE induced the conversion of three different strains into 
a single strain with unique properties, indicating that a single 
cofactor can modulate the propagation of different strains and 
lead to the selection of a single, phenotypically distinct new 
strain. Such observations strongly indicate that cofactors are 
important constituent of infectious prions. 

The influence of different cofactors in determining prion 
strains propagation properties can possibly justify the phenom- 
enon of the cellular prion tropism that characterizes different 
prion strains; this was elegantly shown by a work of Weissmann's 
group through the cell panel assay (CPA). 84 Indeed, they showed 
how distinct prion strains are able to replicate differently depend- 
ing on the cell line that is examined. All the cell lines employed 
in this study (CAD5, R33, LD9 e PK1) supported the replication 
of the 22L strain (scrapie prion adapted to mice), but only the 
CAD5 cell line supported the replication of the 301C strain (BSE 
prion adapted to mice). Moreover, each tested strain was able to 
replicate in the CAD5 cell line, but in the R33 cell line only the 
22L strain could replicate. Thus, different cell types in one host 
can offer different environments, possibly resulting in a differ- 
ent selection pressure on the strains. 84 " 86 It has been long debated 
whether the infection of a lymphotropic strain, which colonizes 
the lymphoid tissue with a long latency before the neuroinva- 
sion, is the result of a selection process whereby a strain capable 
of invading the CNS with a high efficacy must be selected. This 
hypothesis could be investigated in vCJD patients in which the 
presence of PrP Sc molecules have been already demonstrated in 
various lymphoid tissues in the early stages of the disease, before 
the onset of the neurological disorders. 87,88 

Support for this hypothesis comes from a recent study 54 which 
demonstrated that the propagation of the same prion strain (22L) 



in cultured cells and in mice results in two different prion strains, 
termed by the authors cell-derived and brain-derived prions. In 
order to determine the differences between the two derived prion 
strains, CPA was employed. 84 The analysis showed that cell- 
derived prions were unable to infect R33 cells or PK1 cells in the 
presence of swainsonine (an inhibitor of Golgi ct-mannosidase 
II that impairs formation of complex N-linked glycans), while 
brain-derived prions were able to infect both cell types in the 
presence of swainsonine. Interestingly, a time-point analysis 
showed that nine days after infection of PK1 cells with brain- 
derived prions, and after a first split, the secreted prions main- 
tain the same characteristics of the infectious unit; however, after 
subsequent splits, corresponding to 40 cell replication cycles, the 
properties of these prions were those of the cell-derived prions. 
This result indicates that the brain-derived prion population may 
be heterogeneous and that it undergoes a "Darwinian evolution" 
process when transferred into cells, in which the most advan- 
taged prion is selectively amplified. 

From a physical point of view, the great heterogeneity within 
prion strains is likely due to conformational fluctuations of the 
p r psc. gj ven t rie reversibility and the frequency of this phenom- 
enon, it can be hypothesized that the activation energy required 
for the conformation transition among PrP Sc molecules of the 
same strain is low, thus allowing for the formation of a consid- 
erable number of different conformations. 70 If the environment 
changes, then the free energy profile can also change, and a sub- 
type, which at first was less represented, can be favored, causing a 
shift of the dominant molecular species. 89 

To conclude, viruses and prion populations have a common 
aspect in that they both exist in a heterogeneous state due to 
mutations: viruses by changing their genetic content, and pri- 
ons by modifying their conformation. As a consequence, they are 
both under the host's selective pressure, as viruses need to evade 
the control of the immune system, while prions must avoid cel- 
lular clearance mechanisms. 

Prions and TSEs: 
Strain Divergence or Convergence? 

In this paragraph, the behavior of prion strains in two human 
TSEs, sCJD and vCJD, will be analyzed. In particular the aim 
of this paragraph is to analyze the evolution of prion strains to 
understand whether, in these two TSEs, strains tend to converge 
or to diverge in their evolution. 

Before analyzing this important characteristic, it is funda- 
mental to explain the terminology that will be used. We are going 
to refer to the molecular classification by Parchi et al., 90 which is 
based on the polymorphism in position 129 (MM, MV or VV) 
and the type of PrP Sc (type 1, in which the unglycosylated form 
of the protease-resistant PrP Sc has an electrophoretic mobility of 
21 kDa; type 2, in which the unglycosylated form of the prote- 
ase-resistant PrP Sc has an electrophoretic mobility of 19 kDa). 
This classification arises from the hypothesis that if the poly- 
morphism 129 can modulate the phenotype of the familial prion 
diseases (fCJD and FFI, as explained earlier in this review), then 
probably it can modulate also that of sporadic prion diseases, 
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justifying their heterogeneity. According to this hypothesis, the 
cases affected by sCJD were divided into six groups according 
to the genotype of the polymorphism in position 129 and the 
type of PrP Sc . Then, the phenotypes of every group were analyzed 
to evaluate the homogeneity within every group. The results 
have permitted a molecular sub-classification of the sCJD. 90,91 
However, this classification seems not to be sufficient to explain 
the complexity of the sporadic form of CJD. In fact, in some 
molecular subtypes, additional variants have been reported, such 
as MM or VV patients with amyloid plaques, which are absent in 
the majority of patients with these genotypes. 44 Moreover, among 
patients belonging to the same subgroup, important phenotypic 
differences can be found, such as, for instance, the extent of neu- 
ronal loss or PrP Sc deposition differences. 52 

Even at the biochemical level the complexity is higher: indeed, 
aside from the migratory differences of the PrP Sc of types 1 and 
2, there are other properties that could be important during the 
propagation of the strain, like the presence of other fragments 
derived from differential cleavage at the C- and N-terminus of 
the protein, which probably coincide with the presence of other 
forms of PrP Sc with different resistance to PK digestion. 44 All 
these molecular classifications are based upon the principle that 
in all CNS districts the type of PrP Sc is the same, but there are 
pieces of evidence pointing to the fact that different types of PrP Sc 
can be found in different brain areas. 64,53 The first evidence of 
the presence of more than one form of PrP Sc in the brain of a 
sCJD patient was reported by Puoti in 1999. 54 These different 
types of PrP Sc can be found to coexist in the same brain region or 
they can infect distinct districts. Such co-infection influences the 
vacuolization and the amyloid aggregates formation. 55 Even the 
ratio between the different glycoforms is determined in a region- 
specific manner according to the type of PrP Sc (1 or 2) and the 
genotype of codon 129. 

The high degree of phenotypic heterogeneity characterizing 
sCJD 50 can lead to the conclusion that transmission studies will 
probably identify a broad panel of different prions with a great 
divergence between strains. However, quite surprisingly, many 
of the recent studies focusing on the characterization of sCJD 
subtypes have shown that there is a strong tendency to converge 
to a limited number of strains. This aspect can find an expla- 
nation considering the selection conditions, already described in 
this review, mediated by the environment in which the prion rep- 
licates and by the differences in the amino acid sequence of the 
PrP c . In particular, studies with bank voles 56 and mice 97 lead to 
results that support the idea that there are two principal strains 
responsible of the sCJD, Ml and V2, and two potential strains, 
M2 and VI, which need further studies to be confirmed. 

Different is the case of vCJD. vCJD has been observed in 12 
different countries, but in every registered case the same clinical 
and pathological characteristics have been found. 35 In particular, 
the PrP Sc responsible of the vCJD shows a peculiar WB profile, 
with the unglycosylated form of the protease-resistant PrP Sc of 
19 kDa (type 2) and a higher representation of the diglycosilated 
p r psc (p r psc 2B) compared with sCJD. 35 Nevertheless, using spe- 
cific antibodies against type 1 PrP Sc , a small amount of PrP Sc type 
1 with a high percentage of diglycosilated form can be detected 



in association with PrP Sc 2B. 58 The 2B type is a useful marker for 
identifying the replication of BSE prions also in other species, 
including non-human primates. 99 In addition, unlike sporadic 
and genetic CJD, in vCJD the same biological marker (2B type) 
has been found in all the analyzed brain areas. 100 This strong 
biochemical and pathological homogeneity is in agreement with 
the hypothesis of the existence of a unique strain. However, 
unexpectedly, typization experiments of the strains in different 
transgenic models have given divergent results. In one of these 
studies, in a context of homotropic transmission, transgenic mice 
expressing high levels of human PrP c -M129 were inoculated 
with vCJD isolates coming from France and from the UK. 101 
All of the French isolates propagated as vCJD, with abundant 
amyloid plaques and presence of PrP Sc 2B. 102 Instead, the isolates 
from the UK led to the propagation of either vCJD or sCJD. 103 In 
particular, the incubation time was shorter and the lesion profile 
was different compared with the one obtained with the propaga- 
tion of the classical vCJD strain. Moreover, early replication of 
the typical agent of the vCJD in lymphoid tissues was detected, 
indicating that both strains were present in the inoculum. 

This new strain with phenotypical features that were simi- 
lar to sCJD was found to be of type 1 and the transmission in 
transgenic mice expressing the bovine PrP c failed, unlike the 
vCJD classical strain (Type 2B). 26 The idea that the infection 
of vCJD contains a minor component of sCJD prions is sup- 
ported by many pieces of evidence such as the presence of this 
prion strain at the first passage or the persistence of both types of 
p r psc tnroU g n serial passages in mice. 98 In conclusion, although 
vCJD is one of the most standardized phenotypes among the 
prion human diseases characterized by a typical form of PrP Sc , 
the transmission studies of vCJD have shown the great poten- 
tial of divergence of prions, contrary to the results obtained from 
the studies of sCJD. This data challenge our ability to recognize 
the pathologies that can derive from the divergence of the BSE 
strains when they infect humans, both at the pathological and at 
the biochemical level. 

Conclusion 

The discovery of prions has led to new interpretations of the 
pathogenetic mechanism of protein misfolding diseases. Indeed, 
the common thought was that a protein misfolding disease 
could only be caused by a mutation in the primary sequence of 
an endogenous protein, but the discovery of prions changed this 
view. In fact, it was demonstrated that a seed of misfolded protein 
can arise from an exogenous infectious protein, which is able to 
act as a template or as a catalyst for the formation of new aberrant 
protein. 5,6 Importantly, new evidence shows how processes similar 
to those described for prions could be implicated in the propaga- 
tion of misfolded proteins of other neurodegenerative pathologies 
like Alzheimer disease, Parkinson disease, Huntington disease 
and amyotrophic lateral sclerosis. 104 ' 105 

Certainly, one of the most puzzling aspects in the prion field 
is the existence of different strains of an infectious protein. 
Nevertheless, such diversity can be accommodated within the 
protein-only hypothesis, as several robust pieces of experimental 
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evidence indicate that strain-specificity is encoded at the level 
of the different conformations that the pathogenic protein can 
adopt. The identification of factors and mechanisms influenc- 
ing the generation of new prion strains or the selection, from a 
conformationally heterogeneous PrP Sc population, of the most 
suitable prion conformation in a specific environment, repre- 
sents an important milestone toward the understanding of the 
mechanisms of prion strain diversity, which can have funda- 
mental clinical and therapeutic implications. Although consid- 
erable advances have been made in the understanding of the 



phenomenon of prion strains, many pieces of information are 
still missing, foremost among them the definitive evidence for 
the structural nature of the differences between prion strains. 

Disclosure of Potential Conflicts of Interest 
No potential conflicts of interest were disclosed. 

Acknowledgments 

We thank Dr Lisa Michelle Restelli for editing the manuscript. 
Table of contents graphic by Dr Elena Criscuolo. 

28. Chesebro B. BSE and prions: uncertainties about 
the agent. Science 1998; 279:42-3; PMID:9441410; 
http://dx.doi.Org/l 0. 1 1 26/science.279.5347.42. 

29. Fraser H, Dickinson AG. Scrapie in mice. Agent-strain 
differences in the distribution and intensity of grey 
matter vacuolation. J Comp Pathol 1973; 83:29-40; 
PMID:4199908; http://dx.doi.org/10.1016/0021- 
9975(73)90024-8. 

30. Kascsak RJ, Rubenstein R, Merz PA, Carp Rl, 
Wisniewski HM, Diringer H. Biochemical differences 
among scrapie-associated fibrils support the biological 
divetsity of scrapie agents. J Gen Virol 1985; 66:1715- 
22; PMID:3926951; http://dx.doi.org/10.1099/0022- 
1317-66-8-1715. 

31. Bessen RA, Marsh RF. Biochemical and physical 
properties of the prion protein from two strains of rhe 
transmissible mink encephalopathy agent. J Virol 1992; 
66:2096-101; PMID:1347795. 

32. Medori R, Tritschler HJ, LeBlanc A, Villare F, Manetto 
V, Chen HY, et al. Fatal familial insomnia, a prion dis- 
ease with a mutation at codon 178 of the prion protein 
gene. N Engl J Med 1992; 326:444-9; PMID:1346338; 
http://dx.doi.org/10.1056/NEJM199202133260704. 

33. Lugaresi E, Montagna P, Baruzzi A, Cortelli P, Tinuper 
P Zucconi M, et al. Familial insomnia with a malignant 
course: a new thalamic disease. Rev Neurol (Paris) 
1986; 142:791-2; PMID:3823713. 

34. Goldfarb LG, Petersen RB, Tabaton M, Brown P, 
LeBlanc AC, Montagna P et al. Fatal familial insom- 
nia and familial Creutzfeldt-Jakob disease: disease 
phenotype determined by a DNA polymorphism. 
Science 1992; 258:806-8; PMID:l439789; http:// 
dx.doi.org/10.1126/science.1439789. 

35. Monari L, Chen SG, Brown P, Parchi P Petersen 
RB, Mikol J, et al. Fatal familial insomnia and famil- 
ial Creutzfeldt-Jakob disease: different prion proteins 
determined by a DNA polymorphism. Proc Natl Acad 
Sci U S A 1994; 91:2839-42; PMID:7908444; http:// 
dx.doi.org/10.1073/pnas.91.7.2839. 

36. Bessen RA, Marsh RF. Identification of two bio- 
logically distinct sttains of transmissible mink encepha- 
lopathy in hamsteis. J Gen Virol 1992; 73:329-34; 
PMID:1531675; http://dx.doi. org/10.1099/0022- 
1317-73-2-329. 

37. Bruce ME. Scrapie sttain variation and mutation. Br 
Med Bull 1993; 49:822-38; PMID:8137131. 

38. Fraser H. Diversity in the neuropathology of scrapie- 
like diseases in animals. Br Med Bull 1993; 49:792- 
809; PMID:8137129. 

39. Collinge J, Sidle KC, Meads J, Ironside J, Hill AF. 
Molecular analysis of prion strain variation and 
the aetiology of 'new variant' CJD. Nature 1996; 
383:685-90; PMID:8878476; http://dx.doi. 
org/10.1038/383685a0. 

40. Parchi P, Castellani R, Capellari S, Ghetti B, Young 
K, Chen SG, et al. Molecular basis of phenotypic 
variability in sporadic Creutzfeldt-Jakob disease. Ann 
Neurol 1996; 39:767-78; PMID:865 1649; http:// 
dx.doi.org/ 1 0. 1002/ana.4 1 039061 3. 



References 

1. DeArmond SJ. Alzheimer's disease and Creutzfeldt- 
Jakob disease: overlap of pathogenic mechanisms. Curr 
Opin Neurol 1993; 6:872-81; PMID:7904883; http:// 
dx.doi.org/10.1097/00019052-199312000-00008. 

2. DeArmond SJ, McKinley MP, Barry RA, Braunfeld 
MB, McColloch JR, Prusiner SB. Identification of 
ption amyloid filaments in sctapie-infected brain. 
Cell 1985; 41:221-35; PMID:3922627; http://dx.doi. 
org/10.1016/0092-8674(85)90076-5. 

3. Prusiner SB. Novel proteinaceous infectious par- 
ticles cause sctapie. Science 1982; 216:136-44; 
PMID:6801 762; http://dx.doi.org/ 1 0. 1 126/sci- 
ence.6801762. 

4. Prusiner SB. Prions. Proc Natl Acad Sci U S A 
1998; 95:13363-83; PMID:9811807; http://dx.doi. 
otg/10.1073/pnas.95.23. 13363. 

5. Prusiner SB. Molecular biology of prion diseases. 
Science 1991; 252:1515-22; PMID:1675487; hrtp:// 
dx.doi.org/10.1126/science.1675487. 

6. Collinge J. Prion diseases of humans and animals: 
their causes and molecular basis. Annu Rev Neurosci 
2001; 24:519-50; PMID:1 1283320; http://dx.doi. 
org/ 10.1 l46/annurev.neuro.24.1.519. 

7. Weissmann C. The state of the prion. Nat Rev 
Microbiol 2004; 2:861-71; PMID: 15494743; hrtp:// 
dx.doi.org/10.1038/nrmicrol025. 

8. Aguzzi A, Polymenidou M. Mammalian prion biology: 
one century of evolving concepts. Cell 2004; 1 16:313- 
27; PMID:14744440; http://dx.doi.org/10.1016/ 
S0092-8674(03)01031-6. 

9. Caughey B. Interactions between prion protein 
isoforms: the kiss of death? Trends Biochem Sci 
2001; 26:235-42; PMID:1 1295556; http://dx.doi. 
org/10.1016/S0968-0004(01)01792-3. 

10. Perrier V, Kaneko K, Safar J, Vergara J, Tremblay P, 
DeArmond SJ, et al. Dominant-negative inhibition of 
prion replication in transgenic mice. Proc Natl Acad Sci 
USA 2002; 99:13079-84; PMID:12271119; http:// 
dx.doi.org/10.1073/pnas.182425299. 

11. Deleault NR, Lucassen RW, Supattapone S. RNA 
molecules stimulate prion protein conversion. Nature 
2003; 425:717-20; PMID: 14562104; http://dx.doi. 
org/10.1038/nature01979. 

12. Deleault NR, Harris BT, Rees JR, Supattapone S. 
Fotmation of native prions from minimal components 
in vitro. Proc Natl Acad Sci U S A 2007; 104:9741- 
6; PMID:17535913; http://dx.doi.org/10.1073/ 
pnas.0702662104. 

13. Deleault NR, Walsh DJ, Piro JR, Wang F, Wang X, 
Ma J, et al. Cofactot molecules maintain infectious 
conformation and restrict strain properties in purified 
prions. Proc Natl Acad Sci U S A 2012; 109:E1938- 
46; PMID:22711839; http://dx.doi.org/10.1073/ 
pnas. 1206999 109. 

14. Cohen FE, Pan KM, Huang Z, Baldwin M, Fletterick 
RJ, Prusiner SB. Sttuctural clues to prion replication. 
Science 1994; 264:530-1; PMID:7909169; http:// 
dx.doi.org/10.1126/science.7909169. 



1 5. Pan KM, Baldwin M, Nguyen J, Gasset M, Serban A, 
Groth D, et al. Convetsion of alpha-helices into beta- 
sheets features in the fotmation of the scrapie prion 
proteins. Proc Natl Acad Sci U S A 1993; 90:10962- 
6; PMID:7902575; http://dx.doi.org/10.1073/ 
pnas.90.23.10962. 

16. Peretz D, Williamson RA, Matsunaga Y, Setban H, 
Pinilla C, Bastidas RB, et al. A conformational transi- 
tion at the N tetminus of the prion protein features 
in formation of the sctapie isoform. J Mol Biol 
1997; 273:614-22; PMID:9356250; hrtp://dx.doi. 
org/10.1006/jmbi.l997.1328. 

17. Zhang H, Stockel J, Mehlhorn I, Groth D, Baldwin 
MA, Ptusiner SB, et al. Physical studies of confor- 
mational plasticity in a recombinant prion protein. 
Biochemistry 1997; 36:3543-53; PMID:9132005; 
http://dx.doi.org/10.1021/bi961965r. 

18. Soto C, Castilla J. The controversial protein-only 
hypothesis of prion propagation. Nat Med 2004; 
10(Suppl):S63-7; PMID:15272271; http://dx.doi. 
org/10. 1038/nml069. 

19. Laurent M. Prion diseases and the protein only' 
hypothesis: a theoretical dynamic study. Biochem J 
1996; 318:35-9; PMID:8761449. 

20. Tanaka M, Chien P, Naber N, Cooke R, Weissman 
JS. Conformational variations in an infectious pro- 
tein determine ption strain differences. Nature 
2004; 428:323-8; PM1D:15029196; http://dx.doi. 
org/10.1038/nature02392. 

21. Morales R, Abid K, Soto C. The prion strain phe- 
nomenon: molecular basis and unprecedented fea- 
tures. Biochim Biophys Acta 2007; 1772:681-91; 
PMID:17254754; http://dx.doi.Org/10.1016/j. bba- 
dis.2006.12.006. 

22. Telling GC, Parchi R DeArmond SJ, Cortelli P, 
Monragna P, Gabizon R, et al. Evidence for the confor- 
mation of the pathologic isoform of the prion protein 
enciphering and propagating prion diversity. Science 
1996; 274:2079-82; PMID:8953038; http://dx.doi. 
org/10.1 126/science.274.5295.2079. 

23. Bessen RA, Kocisko DA, Raymond GJ, Nandan S, 
Lansbury PT, Caughey B. Non-genetic propagation 
of strain-specific properties of sctapie prion protein. 
Nature 1995; 375:698-700; PMID:7791905; http:// 
dx.doi.org/1 0. 1 038/375698a0. 

24. DebBurman SK, Raymond GJ, Caughey B, Lindquist 
S. Chaperone-supervised conversion of prion prorein 
to its protease-resistant form. Proc Natl Acad Sci U S 
A 1997; 94:13938-43; PMID:9391131; http://dx.doi. 
org/10.1073/pnas.94.25. 13938. 

25. Collinge J. Medicine. Prion strain mutation and selec- 
tion. Science 2010; 328:1111-2; PMID:205081 17; 
http://dx.doi.org/10.1126/science.1190815. 

26. Giles K, Glidden DV, Patel S, Korth C, Groth D, Lemus 
A, et al. Human prion sttain selection in transgenic 
mice. Ann Neurol 2010; 68:151-61; PMID:20695008; 
http://dx.d0i.0rg/l 0. 1 002/ana.22 104. 

27. Pattison IH, Millson GC. Scrapie produced experi- 
mentally in goats with special reference to the 
clinical syndrome. J Comp Pathol 1961; 71:101-9; 
PMID:13733383. 



106 



Prion 



Volume 7 Issue 2 



41. Khalili-Shirazi A, Summers L, Linehan J, Mallinson G, 56. 
Anstee D, Hawke S, et al. PrP glycoforms are associated 

in a strain-specific ratio in native PrPSc. J Gen Virol 
2005; 86:2635-44; PM1D: 16099923; http://dx.doi. 
org/10.1099/vir.0.80375-0. 57. 

42. SafarJ, Wille H, Itri V, Groth D, Serban H, Torchia M, 
et al. Eight prion strains have PrP{Sc) molecules with 
different conformations. Nat Med 1998; 4:1157-65; 
PM1D:9771749; http://dx.doi.org/10.1038/2654. 

43- Wadsworth JD, Hill AF, Joiner S, Jackson GS, 58. 
Clarke AR, Collinge J. Strain-specific prion-protein 
conformation determined by metal ions. Nat Cell 
Biol 1999; 1:55-9; PMID:10559865; http://dx.doi. 
org/10.1038/9030. 

44. Zanusso G, Farinazzo A, Prelli F, Fiorini M, 

Gelati M, Ferrari S, et al. Identification of distinct 59. 
N-terminal truncated forms of prion protein in differ- 
ent Creutzfeldt-Jakob disease subtypes. J Biol Chem 
2004; 279:38936-42; PMID: 15247220; http://dx.doi. 
org/10.1074/jbc.M405468200. 60. 

45- Zou WQ, Capellari S, Parchi P, Sy MS, Gambetti 
P, Chen SG. Identification of novel proteinase 
K-resistant C-terminal fragments of PrP in Creutzfeldt- 
Jakob disease. J Biol Chem 2003; 278:40429-36; 
PMID:12917418; http://dx.doi.org/10.1074/jbc. 61. 
M30855O2O0. 

46. Caughey B, Raymond GJ, Bessen RA. Strain-dependent 
differences in beta-sheet conformations of abnor- 
mal prion protein. J Biol Chem 1998; 273:32230- 
5; PMID:9822701; http://dx.doi.org/10.1074/ 62. 
jbc.273.48.32230. 

47- Tanaka M, Collins SR, Toyama BH, Weissman JS. 
The physical basis of how prion conformations deter- 
mine strain phenotypes. Nature 2006; 442:585-9; 63. 
PMID:16810177; http://dx.doi.org/10.1038/ 
nature04922. 

48. Immel F, Jiang Y, Wang YQ, Marchal C, Maillet L, 
Perrett S, et al. In vitro analysis of SpUre2p, a prion- 
related protein, exemplifies the relationship between 64. 
amyloid and prion. J Biol Chem 2007; 282:7912- 
20; PMID: 17234629; http://dx.doi.org/10.1074/jbc. 
M608652200. 

49- Legname G, Nguyen HO, Peretz D, Cohen FE, 

DeArmond SJ, Prusiner SB. Continuum of prion 65. 
protein structures enciphers a multitude of prion 
isolate-specified phenotypes. Proc Natl Acad Sci USA 
2006; 103:19105-10; PMID:17142317; http://dx.doi. 
org/10.1073/pnas.0608970103. 

50. Zampieri M, Legname G, Altafini C. Investigating 

the conformational stability of prion strains through 66. 
a kinetic replication model. PLoS Comput Biol 
2009; 5:el000420; PMID: 19578427; http://dx.doi. 
org/1 0. 1 371 /journal.pcbi. 1 000420. 

51. Ayers JI, Schutt CR, Shikiya RA, Aguzzi A, Kincaid 

AE, Bartz JC. The strain-encoded relationship between 67. 
PrP replication, stability and processing in neurons is 
predictive of the incubation period of disease. PLoS 
Pathog 2011; 7:el001317; PMID:21437239; http:// 
dx.doi.org/lO.i37i/journal.ppat.lOOi3i7. 68 

52. Bett C, Joshi-Barr S, Lucero M, Trejo M, Liberski P, 
Kelly JW, et al. Biochemical properties of highly neuro- 
invasive prion strains. PLoS Pathog 2012; 8:el002522; 
PMID:22319450; http://dx.doi.org/10.1371/journal. 
ppat. 1002522. 

53- Silveira JR, Raymond GJ, Hughson AG, Race RE, Sim 69. 
VL, Hayes SF, et al. The most infectious prion protein 
particles. Nature 2005; 437:257-61; PMID:16148934; 
http://dx.doi.org/10.1038/nature03989. 

54. Li J, Browning S, Mahal SP, Oelschlegel AM, 
Weissmann C. Darwinian evolution of prions in cell 
culture. Science 2010; 327:869-72; PMID:20044542; 70. 
http://dx.doi.0rg/l 0. 1 126/science. 1183218. 

55- Bruce ME, Dickinson AG. Biological evidence that 
scrapie agent has an independent genome. J Gen 
Virol 1987; 68:79-89; PMID:3100717; http://dx.doi. 71. 
org/1 0. 1 099/0022-1 31 7-68- 1 -79- 



Bartz JC, Marsh RF, McKenzie DI, Aiken JM. The host 72. B 
range of chronic wasting disease is altered on passage in 
ferrets. Virology 1998; 251:297-301; PMID:9837794; 
http://dx.doi.org/10.1006/viro.1998.9427. 
Scheibel T, Lindquist SL. The role of conforma- 
tional flexibility in prion propagation and main- 
tenance for Sup35p. Nat Struct Biol 2001; 8:958- 73. 
62; PMID:1 1685242; http://dx.doi.org/10.1038/ 
nsbl 101-958. 

Serio TR, Cashikar AG, Kowal AS, Sawicki GJ, 74. 
Moslehi JJ, Serpell L, et al. Nucleated conforma- 
tional conversion and the replication of conforma- 
tional information by a prion determinant. Science 
2000; 289:1317-21; PMID:10958771; http://dx.doi. 75. 
org/10.1 126/science.289.5483. 1317. 
Bessen RA, Marsh RF. Distinct PrP properties suggest 
the molecular basis of strain variation in transmis- 
sible mink encephalopathy. J Virol 1994; 68:7859-68; 
PMID:7966576. 

Sigurdson CJ, Manco G, Schwarz P, Liberski P, Hoover 76. 
EA, Hornemann S, et al. Strain fidelity of chron- 
ic wasting disease upon murine adaptation. J Virol 
2006; 80:12303-11; PMID: 17020952; http://dx.doi. 
org/10.1 128/JVI.01 120-06. 77. 
Sigurdson CJ, Nilsson KP, Hornemann S, Manco G, 
Polymenidou M, Schwarz P, et al. Prion strain discrimi- 
nation using luminescent conjugated polymers. Nat 
Methods 2007; 4:1023-30; PMID:18026110; http:// 
dx.doi.org/ 10.103 8/nmeth 1 1 3 1 - 

Nilsson MR. Techniques to study amyloid fibril 78. 
formation in vitro. Methods 2004; 34: 1 5 1 -60; 
PMID:15283924; http://dx.doi.0rg/lO.lOl6/j. 
ymeth.2004.03.012. 

Kimberlin RH, Walker CA. Evidence that the transmis- 
sion of one source of scrapie agent to hamsters involves 
separation of agent strains from a mixture. J Gen 79. 
Virol 1978; 39:487-96; PMID:96212; http://dx.doi. 
org/10.1099/0022-1317-39-3-487. 
Polymenidou M, Stoeck K, Glatzel M, Vey M, Bellon 
A, Aguzzi A. Coexistence of multiple PrPSc types 
in individuals with Creutzfeldt-Jakob disease. Lancet 80. 
Neurol 2005; 4:805-14; PMID:16297838; http:// 
dx.doi.org/10.1016/Sl474-4422(05)70225-8. 
Taylor DM, Fernie K, McConnell I, Steele PJ. 
Observations on thermostable subpopulations of the 
unconventional agents that cause transmissible degen- 
erative encephalopathies. Vet Microbiol 1998; 64:33-8; 81. 
PMID:9874101; http://dx.doi.org/10.1016/S0378- 
1135(98)00257-0. 

Safar JG, DeArmond SJ, Kociuba K, Deering C, 
Didorenko S, Bouzamondo-Bernstein E, et al. Prion 
clearance in bigenic mice. J Gen Virol 2005; 86:2913- 
23; PMID:16186247; http://dx.doi.org/10.1099/ 82. 
vir.0. 80947-0. 

Wong E, Cuervo AM. Integration of clearance mecha- 
nisms: the proteasome and autophagy. Cold Spring 
Harb Perspect Biol 20 1 0; 2:a006734; PMID:2 1 068 1 5 1 ; 
http://dx.doi.org/10.1101/cshperspect.a006734. 83. 
Paar C, Wurm S, Pfarr W, Sonnleitner A, Wechselberger 
C. Prion protein resides in membrane microclus- 
ters of the immunological synapse during lympho- 
cyte activation. Eur J Cell Biol 2007; 86:253-64; 
PMID:17449139; http://dx.doi.0rg/lO.lOl6/j. 84. 
ejcb.2007.03.001. 

Mannini B, Cascella R, Zampagni M, van Waarde- 
Verhagen M, Meehan S, Roodveldt C, et al. Molecular 
mechanisms used by chaperones to reduce the toxicity 
of aberrant protein oligomers. Proc Natl Acad Sci USA 85. 
2012; 109:12479-84; PMID:228026l4; http://dx.doi. 
org/ 1 0. 1073/pnas. 1 1 17799 1 09. 

Weissmann C, Li J, Mahal SP, Browning S. Prions 
on the move. EMBO Rep 2011; 12:1109-17; 
PMID:21997298; http://dx.doi.org/10.1038/ 86. 
embor.201 1.192. 

Bruce ME, Boyle A, Cousens S, McConnell I, Foster J, 
Goldmann W, et al. Strain characterization of natural 
sheep scrapie and comparison with BSE. J Gen Virol 
2002; 83:695-704; PMIDil 1842264. 



ruce M, Chree A, McConnell I, Foster J, Pearson 
G, Fraser H. Transmission of bovine spongiform 
encephalopathy and scrapie to mice: strain variation 
and the species barrier. Philos Trans R Soc Lond B Biol 
Sci 1994; 343:405-11; PMID:7913758; http://dx.doi. 
org/ 1 0. 1 098/rstb. 1 994.0036. 

Hill AF, Collinge J. Prion strains and species barriers. 
Contrib Microbiol 2004; 11:33-49; PMID: 15077403; 
http://dx.d0i.0rg/l 0. 1 1 59/00007706 1 . 
Collinge J, Clarke AR. A general model of prion 
strains and their pathogenicity. Science 2007; 318:930- 
6; PMID:17991853; http://dx.doi.org/10.1126/sci- 
ence.l 138718. 

Bartz JC, Bessen RA, McKenzie D, Marsh RF, Aiken 
JM. Adaptation and selection of prion protein strain 
conformations following interspecies transmis- 
sion of transmissible mink encephalopathy. J Virol 
2000; 74:5542-7; PMID:10823860; http://dx.doi. 
org/10.1 128/JVI.74.12.5542-5547.2000. 
Falsig J, Nilsson KP, Knowles TP, Aguzzi A. Chemical 
and biophysical insights into the propagation of prion 
strains. HFSP J 2008; 2:332-41; PMID: 19436493; 
http://dx.d0i.0rg/l 0.2976/ 1 .2990786. 
Asante EA, Linehan JM, Desbruslais M, Joiner S, 
Gowland I, Wood AL, et al. BSE prions propagate 
as either variant CJD-like or sporadic CJD-like prion 
strains in transgenic mice expressing human prion pro- 
tein. EMBO J 2002; 21:6358-66; PMID: 12456643; 
http://dx.doi.org/10.1093/emboj/cdf653- 
Lloyd SE, Linehan JM, Desbruslais M, Joiner S, 
Buckell J, Brandner S, et al. Characterization of two 
distinct prion strains derived from bovine spongi- 
form encephalopathy transmissions to inbred mice. J 
Gen Virol 2004; 85:2471-8; PMID: 15269389; http:// 
dx.doi.org/10.1099/vir.0.79889-0. 
Geoghegan JC, Valdes PA, Orem NR, Deleault NR, 
Williamson RA, Harris BT, et al. Selective incorpora- 
tion of polyanionic molecules into hamster prions. J 
Biol Chem 2007; 282:36341-53; PMID: 17940287; 
http://dx.doi.org/10.1074/jbc.M704447200. 
Deleault NR, Kascsak R, Geoghegan JC, Supattapone 
S. Species-dependent differences in cofactor utiliza- 
tion for formation of the protease-resistant prion 
protein in vitro. Biochemistry 2010; 49:3928-34; 
PMID:20377181; http://dx.doi.org/10.1021/ 
bi 100370b. 

Deleault NR, Piro JR, Walsh DJ, Wang F, Ma J, 
Geoghegan JC, et al. Isolation of phosphatidyletha- 
nolamine as a solitary cofactor for prion formation in 
the absence of nucleic acids. Proc Natl Acad Sci USA 
2012; 109:8546-51; PMID:22586108; http://dx.doi. 
org/ 1 0. 1 073/pnas. 1204498 1 09. 

Parsell DA, Lindquist S. The function of heat-shock 
proteins in stress tolerance: degradation and reac- 
tivation of damaged proteins. Annu Rev Genet 
1993; 27:437-96; PMID:8122909; http://dx.doi. 
org/10.1 l46/annurev.ge.27.120193.002253- 
Saborio GP, Permanne B, Soto C. Sensitive detec- 
tion of pathological prion protein by cyclic ampli- 
fication of protein misfolding. Nature 2001; 
411:810-3; PMID:1 1459061; http://dx.doi. 
org/10.1038/35081095. 

Mahal SP, Baker CA, Demczyk CA, Smith EW, Julius 
C, Weissmann C. Prion strain discrimination in cell 
culture: the cell panel assay. Proc Natl Acad Sci USA 
2007; 104:20908-13; PMID:18077360; http://dx.doi. 
org/ 1 0. 1 073/pnas.0710054 1 04. 

Tremblay P, Ball HL, Kaneko K, Groth D, Hegde RS, 
Cohen FE, et al. Mutant PrPSc conformers induced 
by a synthetic peptide and several prion strains. J Virol 
2004; 78:2088-99; PMID:14747574; http://dx.doi. 
org/10.1 128/JVI.78.4.2088-2099.2004. 
Aguzzi A, Sigurdson CJ. Antiprion immunothera- 
py: to suppress or to stimulate? Nat Rev Immunol 
2004; 4:725-36; PMID:15343371; http://dx.doi. 
org/10.1038/nril437. 



www.landesbioscience.com 



Prion 



107 



87. Hilton DA, Fathers E, Edwards P, Ironside JW, Zajicek 
J. Prion i mm uno reactivity in appendix before clini- 
cal onset of variant Creutzfeldt-Jakob disease. Lancet 
1998; 352:703-4; PMID:9728989; http://dx.doi. 
org/10.1016/S0l40-6736(98)24035-9. 

88. Wadsworth JD, Joiner S, Hill AF, Campbell TA, 
Desbruslais M, Luthert PJ, et al. Tissue distribution of 
protease resistant prion protein in variant Creutzfeldt- 
Jakob disease using a highly sensitive immunoblotting 
assay. Lancet 2001; 358:171-80; PMID: 11476832; 
http://dx.doi.org/10. 1016/S0l40-6736(01)05403-4. 

89. Mahal SP, Browning S, Li J, Suponitsky-Kroyter I, 
Weissmann C. Transfer of a prion strain to different 
hosts leads to emergence of strain variants. Proc Natl 
Acad Sci U S A 2010; 107:22653-8; PMID:21 156827; 
http://dx.doi.org/10.1073/pnas.1013014108. 

90. Parchi P, Giese A, Capellari S, Brown P, Schulz- 
Schaeffer W, Windl O, et al. Classification of spo- 
radic Creutzfeldt-Jakob disease based on molecular 
and phenotypic analysis of 300 subjects. Ann Neurol 
1999; 46:224-33; PMID:10443888; http://dx.doi. 
org/10. 1002/1531-8249(199908)46:2<224::AID- 
ANA12>3.0.CO;2-W. 

91. Gambetti P, Kong Q, Zou W, Parchi P, Chen 
SG. Sporadic and familial CJD: classification 
and characterisation. Br Med Bull 2003; 66:213- 
39; PMID:14522861; http://dx.doi.org/10.1093/ 
bmb/66.1.213. 

92. Faucheux BA, Morain E, Diouron V, Brandel JP, 
Salomon D, Sazdovitch V, et al. Quantification of sur- 
viving cerebellar granule neurones and abnormal prion 
protein (PrPSc) deposition in sporadic Creutzfeldt- 
Jakob disease supports a pathogenic role for small 
PrPSc deposits common to the various molecular sub- 
types. Neuropathol Appl Neurobiol 2011; 37:500-12; 
PMID:21450052; http://dx.doi.Org/10.l 11 l/j.1365- 
2990.2011.01179.x. 



93- Schoch G, Seeger H, Bogousslavsky J, Tolnay M, Janzer 
RC, Aguzzi A, et al. Analysis of prion strains by PrPSc 
profiling in sporadic Creutzfeldt-Jakob disease. PLoS 
Med 2006; 3:el4; PMID:16354106; http://dx.doi. 
org/ 10.1371 /journal.pmed. 00300 1 4. 

94. Puoti G, Giaccone G, Rossi G, Canciani B, Bugiani 

0, Tagliavini F Sporadic Creutzfeldt-Jakob disease: 
co-occurrence of different types of PrP(Sc) in the same 
brain. Neurology 1999; 53:2173-6; PMID:10599800; 
http://dx.doi.org/10.1212/WNL.53.9.2173. 

95. Cali I, Castellani R, Alshekhlee A, Cohen Y, Blevins J, 
Yuan J, et al. Co-existence of scrapie prion protein types 
1 and 2 in sporadic Creutzfeldt-Jakob disease: its effect 
on the phenotype and prion-type characteristics. Brain 
2009; 132:2643-58; PMID: 19734292; http://dx.doi. 
org/10.1093/brain/awpl96. 

96. Nonno R, Di Bari MA, Cardone F, Vaccari G, Fazzi P, 
Dell'Omo G, et al. Efficient transmission and charac- 
terization of Creutzfeldt-Jakob disease strains in bank 
voles. PLoS Pathog 2006; 2:el2; PMID:16518470; 
http://dx.doi.org/10.1371/journal.ppat.0020012. 

97- Bishop MT, Will RG, Manson JC. Defining sporadic 
Creutzfeldt-Jakob disease strains and their transmission 
properties. Proc Natl Acad Sci U S A 20 10; 1 07: 12005- 
10; PMID:20547859; http://dx.doi.org/10.1073/ 
pnas.1004688107. 

98. Yull HM, Ritchie DL, Langeveld JP, van Zijderveld 
FG, Bruce ME, Ironside JW, et al. Detection of type 1 
prion protein in variant Creutzfeldt-Jakob disease. Am 
J Pathol 2006; 168:151-7; PMID:16400018; http:// 
dx.doi.org/10.2353/ajpath.2006.050766. 

99. Hill AF, Desbruslais M, Joiner S, Sidle KC, Gowland 

1, Collinge J, et al. The same prion strain causes 
vCJD and BSE. Nature 1997; 389:448-50, 526; 
PMID:9333232; http://dx.doi.org/10.1038/38925. 



100. Brandel JP, Heath CA, Head MW, Levavasseur E, 
Knight R, Laplanche JL, et al. Variant Creutzfeldt- 
Jakob disease in France and the United Kingdom: 
Evidence for the same agent strain. Ann Neurol 
2009; 65:249-56; PMID:19334063; http://dx.doi. 
org/10.1002/ana.21583. 

101. Minor P, Newham J, Jones N, Bergeron C, Gregori L, 
Asher D, et al.; WHO Working Group on International 
Reference Materials for the Diagnosis and Study of 
Transmissible Spongiform Encephalopathies. Standards 
for the assay of Creutzfeldt-Jakob disease specimens. 
J Gen Virol 2004; 85:1777-84; PMID:15166463; 
http://dx.doi.Org/10.1099/vir.0.79959-0. 

102. Beringue V, Herzog L, Reine F, Le Dur A, Casalone C, 
Vilotte JL, et al. Transmission of atypical bovine prions 
to mice transgenic for human prion protein. Emerg 
Infect Dis 2008; 14:1898-901; PMID:19046515; 
http://dx.d0i.0rg/l 0.320 1 /eidl4 1 2.080941 . 

103- Beringue V, Le Dur A, Tixador P, Reine F, Lepourry 
L, Perret-Liaudet A, et al. Prominent and persistent 
extraneural infection in human PrP transgenic mice 
infected with variant CJD. PLoS One 2008; 3:el4l9; 
PMID: 1 8 1 83299; http://dx.doi.org/10. 1 37 1 /journal. 
pone.0001419. 

104. Ross CA, Poirier MA. Protein aggregation and neuro- 
degenerative disease. Nat Med 2004; 10(Suppl):Sl0-7; 
PMID: 1 5272267; http://dx.d0i.0rg/l 0. 1 038/nml 066. 

105- Aguzzi A, Calella AM. Prions: protein aggregation and 
infectious diseases. Physiol Rev 2009; 89:1105-52; 
PMID:19789378; http://dx.doi.org/10.1152/phys- 
rev.00006.2009. 



108 



Prion 



Volume 7 Issue 2 



